Recently, sub-wavelength-pitch stacked double-gate metal nanotip arrays have been proposed to realize high current, high brightness electron bunches for ultrabright cathodes for x-ray free-electron laser applications. With the proposed device structure, ultrafast field emission of photoexcited electrons is efficiently driven by vertical incident near infrared laser pulses, via near field coupling of the surface plasmon polariton resonance of the gate electrodes with the nanotip apex. In this work, in order to gain insight in the underlying physical processes, the authors report detailed numerical studies of the proposed device. The results indicate the importance of the interaction of the doublelayer surface plasmon polariton, the position of the nanotip, as well as the incident angle of the near infrared laser pulses.
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I. INTRODUCTION
Considerable attention has been paid recently to metal nanotips excited by femtosecond near infrared laser pulses to generate high current, high brightness, and ultrafast electron pulses for advanced accelerator applications such as the compact x-ray free electron lasers (X-FELs). [1] [2] [3] [4] [5] [6] [7] [8] With its low emittance and high electron charge, it may also be suited for THz vacuum electronic oscillator and amplifier cathodes 9, 10 as well as for ultrafast electron microscopy. [11] [12] [13] [14] [15] Recent experiments demonstrated generation of short electron bunches with up to 5 pC bunch charge using an array of 1.2 Â 10 5 metal nanotips with an array pitch of 5 lm. 16, 17 Further increase of the electron yield by a few orders of magnitude is still required to be compatible with X-FEL requirements. Therefore, we proposed and theoretically analyzed the performance of sub-micron-pitch all metal stacked double-gate nanotip arrays, which promise an increased electron yield. The higher nanotip density can enhance the electron yield of the near infrared laser induced field emission if one can achieve the same degree of the nanotip apex excitation efficiency. We showed that this is indeed the case when including the surface-plasmon-polariton (SPP) resonance of the gate electrodes; from theoretical analysis we predicted that using such a double-gate field emitter array (FEA) with a 10 6 nanotip array with 1 mm diameter, is sufficient to generate 200 pC electron pulses with an intrinsic transverse beam emittance below 0.1 mm mrad when the FEA is excited by vertically incident near infrared laser pulses with the duration of 1-10 ps and pulse energies of $0.1 mJ. 4 However, the precise physical mechanisms and the quantitative relationships between the SPP resonance and the tiplight coupling are yet to be elucidated. Therefore, we report in this work the parametric study of the tip-light coupling in stacked-double-gate structures as well as the SPP resonance of the gate electrodes.
II. MODELING
The double-gate FEA structure we propose, Fig. 1 , consists of sub-micron-pitch molybdenum nanotips with the copper double-gate electrodes. The double-gate electrode layers on top of the nanotips for the electron extraction and the beam collimation, 18 act also to enhance the coupling of the laser pulses to the nanotip apexes 3, 4 at the same time. The optical field enhancement at the tip apexes is a result of the geometrical field enhancement 17 and the near field coupling of the nanotip with the electric field of the resonantly excited SPP near the gate edge at the optical frequency determined by the dispersion of the surface-plasmon 19, 20 of the material and the period of the apertures. The enhanced optical transmission through subwavelength nanohole arrays via the SPP excitation, which was first reported by Ebbesen et al. as the extraordinary optical transmission (EOT), is commonly observed using Au or Ag since these have low optical attenuation in visible/near infrared range. 21 We propose to use copper since not only copper has the low optical attenuation but also it is a material commonly utilized for accelerator applications with the high acceleration electric field (up to 100 MV/m or higher) 22 that is required for high brightness beam applications to prevent the space-charge degradation of the transverse beam emittance.
The stacked double-gate nanotip FEA used in the numerical modeling is depicted in Fig. 1 . The molybdenum metal nanotips are modeled as 120 nm tall cone-shaped emitters with the tip apex radius of curvature of 5 nm and an array pitch of 750 nm. The electron extraction gate electrode G ext and the beam collimation gate electrode G col are stacked on a) Electronic mail: soichiro.tsujino@psi.ch top of the nanotip array. We assumed that the gates are 50 nm-thick copper layers. We assumed a gate layer thickness equal to 50 nm. The gate aperture diameter of G ext is equal to 200 nm and the gate aperture diameter of G col is 600 nm. The large G col aperture structure is important to achieve maximum beam collimation with the minimal emission current reduction, see Ref. 18 .
To simulate the electromagnetic field distribution of the device upon near infrared excitation, we used a threedimensional finite element electromagnetic solver (COMSOL Multiphysics). Optical constants of Cu and Mo were taken from Ref. 23 . We assumed periodic (Floquet) boundary conditions in the transverse direction to simulate the array. The nanotip array was excited by a transverse magnetic plane wave with an incident angle of h i . We additionally varied the separation h between the G ex and G col layers. The nanotip position is off-center to obtain a finite field enhancement at the emitter tip apex; 3, 6 e.g., a 30 nm shift resulted in a field enhancement of nearly a factor of 10 at the SPP resonance 4 for vertical incident excitation. We also consider the zero offset case for different h i .
In addition to the electromagnetic field distribution of the double-gate FEA structures, to study the quantitative relationship between the EOT and the enhancement of the optical electric field at the tip apexes, we also simulated optical transmission spectra of the single-and double-layer nanohole arrays without the nanotips, see Figs. 2(b) and 2(c), at vertical incident case. To simulate the far-field transmission of the structure, the out-going optical flux was integrated over a plane at 2 lm below the hole layers.
III. RESULTS AND DISCUSSION
We first discuss the optical transmission spectrum through the nanohole arrays (without nanotips) for the single-and double-copper-layers with the same layer thicknesses and the hole period as the double-gate FEA in Fig. 1 . Figure 2 shows the calculated results for the two single-layer nanohole array transmission spectra, one with an aperture diameter of 200 nm (same as G ext ) and another with an aperture diameter of 600 nm (same as G col ) exhibit an EOT resonance 21 near 1.65 eV. Figures 2(b) and 2(c) show schematic of single-and doublelayer nanohole array, respectively. Even though the array pitch is identical, the transmission resonance peaks are observed at different photon energies tens of meV apart. This is ascribed to the fact that the EOT resonance is a combined effect of the SPP resonance and its transmission through the aperture that acts as a plasmonic waveguide. 24, 25 The order of magnitude higher resonant transmission for the 600 nm diameter hole array compared to the 200 nm diameter hole array is due to the larger area of the hole. 26 Most interesting is the transmission spectrum of the double-layer nanohole array. The double-layer structure also shows the EOT-like transmission resonance. Its peak transmission is higher than the combined (multiplied) transmission of the two individual single-layer hole arrays. The resonance occurs again near 1.65 eV but at a somewhat lower energy than the single-layer transmission peak position. The Fano dip at the higher photon energy side of the double-layer EOT resonance is also deeper than the single-layer spectra. These observations suggest that the SPP resonance and transmission of the doublelayer hole array is strongly affected by the near-field interaction of the SPP resonances of the two single-layer hole arrays. 27 Figure 3(a) shows the variation of the double-layer EOT transmission spectrum when the separation h between the layers is varied from 30 to 200 nm. We found that the peak transmission and the width of the resonance monotonically increase with increasing h, while the resonant photon energy decreases at the same time. This seems to be related to the increasing mode strength of the internal SPP between the two metal layers with the increase of h. Next, we studied the variation of the optical electric field F apx at the emitter tip apex in the double-gate FEA structure as h is varied between 30 and 200 nm. We show the result in Fig. 3(b) where we divided F apx by the optical electric field F 0 of the incident field. As summarized in Fig. 3(c) , the enhancement given by F apx /F 0 is substantial, close to 8-10, only when h is larger than $100 nm. In the same h-range, the photon energy of the peak F apx is the same as that of the transmission resonance within $10 meV. However, different from the transmission peak, the peak photon energy of F apx monotonously decreases with the decrease of h. Note that the peak F apx increases more rapidly than the peak transmittance. This shows that to achieve a large peak F apx the details of the nearfield distribution around the G ex aperture have to be taken into account, which may sensitively depend on the detailed G ex edge shape as well as the subtle interaction and attenuation of the SPP field between the two layers. 20 Further comprehensive study is required in the future to clarify this point.
Finally, we discuss the case when the excitation near infrared light is at oblique incidence. Our consideration so far was limited to the vertical incidence case, where the incident optical electric field has only a transverse component. We find a large F apx at the emitter tip apex in the vertical direction which is induced by the SPP resonance of the gate electrode when placing the nanotip at $30 nm off-center. In practical applications, however, it is desirable to have a small but finite incident angle as depicted in the left panel of Fig. 1 . We therefore consider the case when the incident angle is 7
as an example, which separates the electron beam and the laser coupling (Fig. 1) . The double-layer hole array is a stack of these two single-layer hole arrays separated by 120 nm (inset). The spectra exhibit the extraordinary optical transmission resonance via the excitation of the surface-plasmon-polariton of the singleand double-copper-layer, suggesting that, when used as the gate-layers for metal nanotip arrays as shown in Fig. 1 , the near infrared optical excitation at the tip apex can be enhanced despite the subwavelength aperture diameters of the sub-micron-pitch nanotip arrays with a hole pitch of 750 nm. The schematic drawings of the single-and double-layer hole arrays are depicted in (b) and (c), respectively. The transmission spectra were calculated in the vertical incidence case as indicated by the red arrows in (b) and (c). mirror by tens of millimeters when the mirror is inserted several hundred millimeter upstream from the cathode surface. As shown in Fig. 4 , we found that a large F apx equal to $20 can be achieved at the resonance condition even when the nanotip is placed at the center of the gate apertures. Apparently, the asymmetry of the SPP near-field at the G ex edge induced by the finite incident angle is sufficient to compensate for the symmetric position of the nanotip and to enhance F apx by a factor 2 larger than the vertical incident, shifted-tip case. By accounting for the factor 20 F apx enhancement, the predicted electron yield of the device approaches 10
À5
, thus requiring near infrared pulse energies of $25 lJ to generate $200 pC electron pulses from a 10 6 nanotip array. The large resonance width of 18 meV ($28 THz) assures the assumed operation condition with the electron pulse duration of 1-10 ps.
IV. SUMMARY AND CONCLUSIONS
We numerically studied the SPP resonance of the doublelayer nanohole array and its influence on the near infrared excitation efficiency of the nanotips in the double-gate structures. The comparison of the transmission spectra of the single-and double-layer nanohole arrays strongly suggests a major influence of the internal SPP field on the excitation of the nanotip apex that leads to a large F apx field. Moreover, by considering the more practically important case of a finite incident angle, we found that a larger F apx can be achieved by introducing 7 incident angle for the double-gate structure without shifting the nanotip position from the gate aperture center. These results strongly suggests that to fully elucidate the physical mechanism of the enhanced tip-light interaction in the SPP-enhanced double-gate nanotip arrays, further comprehensive parametric studies investigating the SPP momentum dependence and the G ext edge shape dependence as well as experimental validation are required. These are the subjects of the on-going research.
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